The K13 propeller domain mutation and pfmdr1 amplification have been proposed as useful molecular markers for detection and monitoring of artemisinin resistant Plasmodium falciparum Welch, 1897. Genomic DNA isolates of P. falciparum was extracted from 235 dried blood spot or whole blood samples collected from patients with uncomplicated falciparum malaria residing in areas along the Thai-Myanmar border during 2006-2010. Nested polymerase chain reaction (PCR) and sequencing were performed to detect mutations in K13 propeller domain of P. falciparum at codon 427-709. Pfmdr1 gene copy number was determined by SYBR Green I real-time PCR. High prevalence of pfmdr1 multiple copies was observed (42.5% of isolates). The presence of K13 mutations was low (40/235, 17.2%). Seventeen mutations had previously been reported and six mutations were newly detected. The C580Y was found in two isolates (0.9%). The F446I, N458Y and P574L mutations were commonly detected. Seven isolates had both K13 mutation and pfmdr1 multiple copies. It needs to be confirmed whether parasites harbouring both K13 mutation and pfmdr1 multiple copies and/or the observed new mutations of K13 propeller domain are associated with clinical artemisinin resistance.
Decline in clinical efficacy of artesunate-mefloquine, the artemisinin-based combination therapy (ACT), has been continuously reported over the two decades of its use as the first-line treatment for acute uncomplicated Plasmodium falciparum malaria in Thailand (Na-Bangchang et al. 2010 , 2013 . True resistance of the parasite to artemisinins was confirmed in Cambodia and Thailand (Noedl et al. 2008 , Dondorp et al. 2009 ).
This provokes serious worldwide concerns for vigorous and continuous surveillance and monitoring systems to control artemisinin resistance (WHO 2015) . Investigations of in vivo and in vitro sensitivity of malaria parasites to antimalarial drugs are the key approaches to support such systems. Recently, validated molecular markers have been integrated as a complimentary tool for identification and prediction of the trend of antimalarial drug resistance (Antony and Parija 2016) .
Among all molecular markers, the most important breakthrough is the identification of artemisinin-resistant genetic marker PF3D7_1343700 kelch propeller domain (K13-propeller) by Ariey and colleagues in 2014 (Ariey et al. 2014) . Strong correlation has been found between the presence of the dominant mutant K13-propeller alleles, in vitro parasite survival rate, in vivo parasite clearance rate and the spread of artemisinin resistance in western Cambodia (Ariey et al. 2014 . Accumulating evidence of K13 mutations were subsequently reported in parasite populations in areas of the Greater Mekong Subregion, particularly Cambodia, Thailand, Myanmar and Vietnam (Menard et al. 2016a) .
The identified K13 mutations C580Y, Y493H and R539T were shown to be associated with the delay in parasite clearance both in vitro and in vivo (Ariey et al. 2014) . However, these mutations were not detected in P. falciparum isolates in African countries (Conrad et al. 2014 , Cooper et al. 2015 , Huang et al. 2015a , Menard et al. 2016b .
The K13-propeller mutation is currently proposed as a useful molecular marker for large-scale surveillance of artemisinin resistance. In contrast, Pfmdr1 amplification is the key molecular marker of resistance of P. falciparum to ACT in South-East Asia. Evidence supports a link between increased pfmdr1 copy number and ACT treatment failure or reduced drug susceptibility in vitro in field parasite isolates (Cui et al. 2015) .
The present study provides information on K13 propeller domain mutations and pfmdr1 amplification in isolates of P. falciparum collected from patients with acute uncomplicated falciparum malaria residing in areas along the Thai-Myanmar border following treatment with a threeday artesunate-mefloquine combination.
MATERIALS AND METHODS

Study site and sample collection
The study was conducted in areas along the Thai-Myanmar border during 2006-2010. Ethical approval of the study protocol was obtained from the Ethics Committee of the Ministry of Public Health of Thailand. Written informed consents were obtained from all patients before study participation. Inclusion criteria for patient enrollment were according to the World Health Organisation protocol for areas with low-to-moderate malaria transmission (Adeel et al. 2003 ): axillary temperature < 37.5 °C or recent history of fever and a slide-confirmed Plasmodium falciparum mono-infection with a parasite density of 1,000-100,000 asexual parasites/ml. A total of 235 blood samples (95 dried blood spots and 140 whole blood samples) were collected from patients with acute uncomplicated falciparum malaria (age > 18 years, 183 Burmese and 52 Thais) prior to treatment with a 3-day artesunate-mefloquine combination. Of these samples, 227 samples were collected from Mae Sot, Tak province and 8 samples were collected from Ranong province, Thailand. Thirty-three, 60, 51, 85 and 6 samples were collected in 2006, 2007, 2008, 2009 and 2010, respectively .
DNA extraction and detection of K13 mutations and pfmdr1 amplification
Genomic DNA of each parasite isolate was extracted from dried blood spots or whole blood samples using a commercial DNA extraction kit (QIAGEN, Hilden, Germany). For the detection of mutations of K13 propeller domain of P. falciparum, nested PCR was performed to amplify 849 bp PCR product (at codon 427-709) according to the method described by Ariey et al. (2014) using the following primers: K13_PCR_F (CGGAGTGACCAAATCT-GGGA) and K13_PCR_R (GGGAATCTGGTGGTAACAGC) for first PCR and K13_N1_F (GCCAAGCTGCCATTCATTTG) and K13_N1_R (GCCTTGTTGAAAGAAGCAGA) for nested PCR. Each PCR product (40 µl) was subsequently sent to the outsourced company for sequencing. Consensus forward and reverse sequences were generated and aligned using DNASTAR (DNAS-TAR Inc., Madison, Wisconsin, USA) with the K13 sequence of the 3D7 strain (PF3D7_1343700) as the reference.
Pfmdr1 gene copy number in all samples was determined by SYBR Green I real-time PCR (iCycler™, Bio-Rad, California, USA) using the default thermocycler program: 10 min of pre-incubation at 95 °C, followed by 40 cycles for 15 sec at 95 °C and 1 min at 60 °C. The oligonucleotide primers used were those previously designed by Ferreira et al. (2006) with modification. Individual real-time PCR reaction was carried out in a 25 μl reaction volume in a 96-well plate containing 2 μl of DNA (50 ng), 1 μM each of sense and antisense primer and 12.5 μl of Platinum™ PCR SuperMix (Invitrogen, California, USA). The 2 -ΔΔCt method of relative quantification was adapted to estimate copy number in genes of P. falciparum. The genomic DNA extracted from 3D7 and Dd2 clones of P. falciparum known to harbour a single and four copies of this gene, respectively, were used as a calibrator, while Pf-β-actin 1 served as the house-keeping gene in all experiments.
RESULTS
Prevalence of K13 propeller domain polymorphisms and pfmdr1 amplification
Results of the sequencing analysis of the K13 propeller domain showed that 40 out of 235 (17.2%) Plasmodium falciparum isolates carried one of the 23 single nucleotide polymorphisms (SNPs). Of these SNPs, 22 and 1 were nonsynonymous and synonymous mutations, respectively. All of the mutations were detected at low prevalence (0.4-3.4%). N458Ywas the most common mutation (8/40, 20%) followed by P574L (5/40, 12.5%) and F446I (4/40, 10%) mutations. The artemisinin resistance associated mutation (C580Y) was found in only 0.9% of isolates and the I543T, R539T and Y493H mutations associated with delayed PCT in the Cambodian isolates were not detected in any of the Thailand isolates. The 17.4% (38/227) of samples collected from Mae Sot were found to carry a SNP on the K13 propeller domain. Although the number of samples collected from Ranong province was very small, the P574L mutation was frequently observed (2/8, 25%). The prevalence of K13 propeller domain polymorphisms is summarised in Table 1 .
The Pfmdr1 gene was successfully amplified in 113 out of 235 samples. The number of gene copies of 1, 2, 3 and > 4 were found in 65 (57.5%), 14 (12.4%), 17 (15%) and 17 (15%) samples, respectively. Median pfmdr1 gene copy number in parasites collected from Mae Sot and Ranong were 3 (2-4) and 3 (2-3) copies, respectively. Forty (n = 42) and 85 (n = 6) % of the isolates collected from Mae Sot and Ranong, respectively, had multiple copies of the pfmdr1 gene.
The information on the pfmdr1 gene copy number together with K13 propeller domain mutation was available in 12 out of 40 K13-mutated samples. Among these, 5 (41.7%) samples carried a single pfmdr1 gene copy with N458Y, P553L, P574L or A578S mutations, while 7 (58.3%) isolates carried > 2 pfmdr1 gene copies with N458Y or P574L mutations.
DISCUSSION
Twenty-two nonsynonymous and one synonymous mutations were detected in 37 isolates of Plasmodium falciparum from the Thai-Myanmar border (Tak and Ranong provinces of Thailand). Among the 23 mutations, seven were previously reported in isolates from Asian countries, i.e. F446I (Feng et al. 2015a , Huang et al. 2015b ), N458Y (Ariey et al. 2014 , Wang et al. 2015b , Putaporntip et al. 2016 , A481T , Putaporntip et al. 2016 , Ye et al. 2016 , P527H (Putaporntip et al. 2016 ), R529K (Win et al. 2016) , P553L (Ariey et al. 2014 , Huang et al. 2015b , Ye et al. 2016 ) and R561H (Ariey et al. 2014 , Putaporntip et al. 2016 . Seven mutations were previously detected in isolates from African countries, i.e. D464E (Huang et al. 2015a , Madamet et al. 2017 ), A504T (Huang et al. 2015a ), R513H (Taylor et al. 2015) , T535A (Kamau et al. 2015) , E567D (Kamau et al. 2015) , M608V (Ouattara et al. 2015 , Taylor et al. 2015 and V637A (Cooper et al. 2015) . Three mutations which were previously detected in both Asian and African countries were also detected in this study, i.e. P574L (Ariey et al. 2014 , Feng et al. 2015b , Nyunt et al. 2017 ), A578S (Conrad et al. 2014; Balikagala et al. 2017 ) and C580Y (Ariey et al. 2014 (Ariey et al. , bosman et al. 2014 Nyunt et al. 2017) .
In the present study, low prevalence (0.4-3.3%) of variable amino acid variants was detected in the parasite isolates. Five mutations which have been shown to be linked with the presence of parasites on day 3 after ACT treatment (F446I, N458Y, P553L, P574L and C580Y) (Menard et al. 2016a ) were detected in 20 out of 40 mutant samples (50%). C580Y was detected only in two samples, whereas none of the mutations associated with delayed PCT (I543T, R539T and Y493H) were found.
An in vitro artemisinin susceptible phenotypic A578S allele (Menard et al. 2016a) , which is commonly found in Africa, was detected in only one sample. It is interesting to note that the predominant status of mutation alleles detected in this study changed from year to year. The F446I mutation, which was reported to be associated with delayed PCT in China (Huang et al. 2015b) , was predominant in 2007. The N458Y mutation, which is associated with delayed PCT in Cambodia, was predominantly detected in 2009. It is possible that other factors apart from parasite genetic factors also contribute to the variation of K13 mutations. These include differences in the ACT (artemisinin-based combination therapy) regimen used in each country, malaria endemic areas, patterns of malaria transmission and mosquito vector and human host factors.
The restriction in individual K13 nonsynonymous mutations in different geographic localities has been reported (Menard et al. 2016a) .
The C580Y, R539T, Y493H and I543T mutations were found to be specific in isolates of P. falciparum from Cambodia, Vietnam and Laos. The F446I, N458Y, P574L and R561H mutations were more specific to the isolates from western Thailand, Myanmar and China. The P553L allele was distributed in countries to both the west and east of Thailand (Menard et al. 2016a ).The parasite isolates in this study carried the C580Y, F446I, N458Y, P574L, R561H and P553L mutations which were a combination of mutation alleles found in the isolates from countries both the east and west of Thailand. It is not clear whether the observed K13 mutations found in these samples occurred due to local emergence of artemisinin resistance, or were disseminated from other countries, particularly Cambodia. Numerous emergence events alongside spreading of a small group of mutations for artemisinin resistance were identified by flanking haplotype assessment. Some haplotypes were distributed across the areas and some were area-specific (Menard et al. 2016a ). Interestingly, three mutation alleles of K13 gene were detected in the isolates of P. falciparum in Thailand about four years before the introduction of ACT for clinical use in the country. Mutation commonly found in African countries (Menard et al. 2016a) In addition, the prevalence of these mutations has also increased over time. This observation may suggest natural selection process on K13 mutation in response to ACT (Putaporntip et al. 2016) . Pfmdr1 amplification is a beneficial molecular marker associated with resistance to mefloquine in field isolates (Price et al. 2004) . Increased copy number of pfmdr1 gene is also associated with decreased parasite susceptibility to lumefantrine, halofantrine, quinine and artemisinin (Sidhu et al. 2006) .
In Thailand, the continuous and extensive use of mefloquine is the major cause of the observed high prevalence of increased pfmdr1 number. The observed high frequency of parasite isolates with multiple copies of pfmdr1 found in this present study was consistent with that reported in previous studies (Mungthin et al. 2014 , Phompradit et al. 2014 , Srimuang et al. 2016 . Pfmdr1 amplification is related to decreased sensitivity to mefloquine but increased in vitro parasite sensitivity to piperaquine (Veiga et al. 2012 ). Previous studies in Cambodia supported this finding.
Parasite isolates with de-amplification of pfmdr1 gene regained susceptibility to mefloquine after replacement of artesunate-mefloquine with a dihydroartemisinin-piperaquine combination regimen (Lim et al. 2015) . This may suggest difference in mechanism of parasite resistance to artemisinin. Thailand has just replaced a three-day course of artesunate-mefloquine with dihydroartemisinin-piperaquine regimen in 2015. This policy might improve the clinical efficacy of ACT for treatment of uncomplicated P. falciparum in the country where a high prevalence of parasites with multiple pfmdr1 gene copies remains. Nevertheless, resistance of P. falciparum to dihydroartemisinin-piperaquine has now been reported in Cambodia (Amaratunga et al. 2016 , Chaorattanakawee et al. 2016 . Spread of resistant parasites from east to west of the country is a serious concern.
In summary, the study provided the genetic background of mutations on K13 propeller domain and pfmdr1 amplification in isolates of P. falciparum after a decade of clinical use of artesunate-mefloquine in Thailand. Low prevalence of isolates with K13 mutations but high prevalence of isolates with multiple pfmdr1 gene copies were found. It remains uncertain whether changing treatment policy to dihydroartemisinin-piperaquine would effectively and sustainably limit artemisinin resistance. Intensive surveillance and monitoring of new emergence and identification of artemisinin resistant-associated mutations in K13 and other candidate marker genes in conjunction with in vitro and clinical efficacy assessment in a larger number of clinical samples are essential.
